The asymmetric division of cells and unequal allocation of cell contents is essential for correct development. This process of active segregation is poorly understood but in many instances has been shown to depend on the cytoskeleton. Motor proteins moving along actin filaments and microtubules are logical candidates to provide the motive force for asymmetric sorting of cell contents. The role of myosins in such processes has been suggested, but few examples of their involvement are known.
Background
The cytoskeleton is involved in segregating cell contents, and actin-based motor proteins, in particular, have recently been found to have a role in several different types of partitioning. These include the asymmetric transport of RNA encoding a transcriptional repressor, Ash1p, in yeast [1] [2] [3] , as well as the anchoring of components necessary for establishing embryonic and cell polarity in C. elegans and Drosophila, respectively [4, 5] . Myosins comprise a diverse superfamily of actin-based motors defined by a conserved ATPase and actin-binding domain coupled to a divergent carboxy-terminal tail domain [6, 7] . There are at least 15 distinct classes, as determined by phylogenetic analyses, each assigned a roman numeral on the basis of their order of discovery [7] . The class II myosins, which include skeletal muscle myosin II, are referred to as 'conventional' myosin as they are the best characterized. All others are collectively referred to as 'unconventional'. There are many classes of myosin, but there is a paucity of information about the roles of most of these classes during the sorting of cell contents that accompanies asymmetric cellular division.
Class VI myosin was recently shown to move toward the pointed end of actin filaments [8] , a directionality distinct from all other characterized members of the myosin family, which move towards the barbed end. Thus, myosin VI may be involved in sorting cell components in a manner distinct from all other myosins. Current evidence suggests that it has roles both in particle transport and in pulling membranes down along polarized actin filaments [9, 10] .
Development of specialized cells, tissues and organs in the simple metazoan C. elegans provides many striking examples of unequal or asymmetric partitioning, and offers a chance of exploring the role of the cytoskeleton in these processes. Spermatogenesis is one interesting example of partitioning in C. elegans that previous work has shown to be amenable to genetic and cell biological analysis [11] . As in other metazoans, nematode spermatogenesis involves dramatic asymmetric partitioning of cellular contents as specific organelles, vesicles and cytoplasmic components are selectively sorted into developing sperm while other cellular contents are selectively excluded. The actin cytoskeleton has been implicated in segregation during spermatogenesis in C. elegans. Mutations in spe-26, which encodes a protein with homology to the actin-binding proteins kelch and scruin, show mis-segregation of chromosomes and cellular components during spermatogenesis [12] . It is not known whether active movement of organelles and developmental determinants during C. elegans spermatogenesis requires myosins. The ability to identify deletions in a gene of interest in C. elegans has resulted in the isolation of a class VI myosin mutant with a defect in spermatogenesis, and has uncovered a role for this motor protein in asymmetric segregation.
Results and discussion
A reverse genetic approach was used to investigate the roles of myosin motors in C. elegans. The C. elegans genome encodes eight unconventional myosins ( [13] , and J.F.K. and M.A.T., unpublished data), but particular functions have not been identified for any of these motor proteins. The first phenotypic characterization of any unconventional myosin in C. elegans, the myosin VI encoded by hum-3 (heavy chain of unconventional myosin) [13] , is reported here. HUM-3 is highly homologous to both Drosophila and mouse myosin VI [13] and contains a myosin VI-specific insertion of 50 amino acids in the converter domain that is believed to be responsible for the unique 'backwards' directionality of this myosin [8, 13] . Animals bearing a 2.4 kb deletion within the hum-3 gene on chromosome I were isolated from a population of chemically mutagenized animals using a PCR-based screen. Bases 394-2790 in cosmid F47G6 (GenBank accession number AF098989) are deleted in the resulting mutant, ok153, removing sequences that encode the core of the HUM-3 myosin VI motor domain (Figure 1a ), including the nucleotide-binding site.
C. elegans has two sexes: self-fertile hermaphrodites that make both sperm and oocytes, and males that make only sperm. Mutant hermaphrodites homozygous for hum-3(ok153) have no apparent somatic defects but they contain defective sperm, which causes a Spe phenotype. Homozygous hum-3(ok153) mutant hermaphrodites are largely self-sterile, with 79% failing to produce any progeny and 21% producing a mean of only 2.5 progeny at 20°C (n = 92), whereas 97% of heterozygous hum-3(ok153)/+ siblings are completely fertile, producing over 100 progeny per animal (n = 193). Fertility was further reduced at 25°C, with 97.9% failing to produce any progeny and 2% producing one progeny (n = 49). Observation of self-sterile hermaphrodites by differential interference contrast (DIC) microscopy reveals that oocytes are produced in the gonad but they are not fertilized, despite the presence of sperm in the spermatheca. Mating hum-3(ok153) hermaphrodites to wild-type males results in normal broods of viable progeny (n = 50), therefore wild-type sperm can rescue all fertility defects in hum-3(ok153) hermaphrodites. Homozygous hum-3(ok153) males are sterile (99% sterile, n = 89), failing to produce cross progeny with genetically marked hermaphrodites that are wild-type at the hum-3 locus. The tester hermaphrodites produced normal broods of self progeny, indicating that hum-3(ok153) malederived sperm did not compete with the hermaphroditederived sperm. (Figure 1a ) by sequencing the hum-3 locus in DNA derived from this mutant. Therefore, ok153 is an allele of spe-15 and the strain will be hereafter referred to as spe-15(ok153).
The terminal stages of spermatogenesis in wild-type C. elegans involve extensive cellular changes and complete partitioning of cellular contents between developing spermatids and an acellular remnant, referred to as the residual body (RB) [11] . Meiotic division of each primary spermatocyte yields two 2N secondary spermatocytes that sometimes undergo incomplete cytokinesis ( Figure 1b ) and so may remain attached [15] . During meiosis II, spermatids bud, leaving behind the RB [15] . As spermatids bud from the RB, organelles and cytosolic components are differentially segregated either into the spermatids or into the RB (Figure 1b ). Spermatids inherit all the mitochondria, specialized structures called fibrous-body membranous organelles (FB-MOs) containing major sperm protein (MSP), and one centrosome and a haploid nucleus. Other cellular components, including most detectable actin and tubulin, are packaged into the RB and degraded [16] .
The spe-15(ok153)mutant was used for a detailed phenotypic analysis as this deletion mutant is likely to be a null allele of spe-15. Spermatocytes derived from spe-15(ok153) mutant animals undergoing the process of spermatid budding show gross cytological defects suggestive of underlying sorting defects. The residual body, which appears smooth in wild-type spermatocytes (Figure 2a,b) , appears pocked and vacuolated in spe-15(ok153) spermatocytes when observed by DIC microscopy (Figure 2c,d ). This morphology is typical of mutants that have FB-MO defects [17, 18] . Budding spermatids often appear multilobed and misshapen in spe-15(ok153) spermatocytes (Figure 2d ), in contrast to wild-type spermatids, which are uniform and round as they bud (Figure 2a,b) .
Labeling with markers for specific cellular components shows that spe-15(ok153) spermatocytes fail to partition certain organelles properly during spermatid budding. In wild-type spermatocytes, FB-MOs and mitochondria normally segregate completely into the budding spermatids and are excluded from the RB. In contrast, FB-MOs ( Figure 3 ) and mitochondria ( Figure 4) The failure to partition actin filaments correctly in spe-15(ok153) spermatocytes is not apparently due to gross defects in actin filament structure or arrangement during spermatid budding ( Figure 6 ). The distribution of F-actin was analyzed during spermatid budding of wild-type spermatocytes and found to be restricted to the cortex of the developing RB (Figure 6d-f) . There is an apparent concentration of F-actin at the region where the spermatid is budding (Figure 6d ,e, arrows). Phalloidin also labels the cortex of budding spe-15(ok153) spermatocytes and has an apparent concentration at sites of budding (Figure 6h , arrows Interestingly, tubulin is also aberrantly sorted in spe-15(ok153) spermatocytes (Figure 7) . Tubulin is normally sorted to and retained in the RB of wild-type spermatocytes ( [19] , and Figure 7a,b) . In the spe-15(ok153) spermatocytes, however, tubulin is observed in the spermatids during budding (Figure 7c-f ) and often appears to be accumulated near the plasma membrane. Isolated spe-15(ok153) spermatids also stain for tubulin (Figure 7k-n) , whereas wildtype spermatids do not (Figure 7g-j) . The tubulin distribution in budding spermatocytes is reminiscent of that observed in spe-4 mutants which, although they fail to properly bud spermatids, also show accumulations of tubulin staining at the periphery of the spermatocyte [20] . SPE-4 is a presenilin protein family member required for the morphogenesis of FB-MOs and is also required for asymmetric partitioning of cellular components [20] .
Not all aspects of partitioning into spe-15(ok153) spermatids fail. Nuclei are visible in more than 99% of spe-15(ok153) spermatids, both by DIC (n = 220) and Hoechst 33342 staining (n = 50). Thus, the spe-15(ok153) spermatocytes do not have a complete failure of the normal partitioning machinery, as indicated by the fact that in some cases MOs and mitochondria are normally distributed.
Organelle segregation is essential for the delivery of components necessary for spermatid activation and sperm function. Nematode spermatogenesis results in non-flagellated spermatozoa that use MSP-driven pseudopod extension for amoeboid motility [16] . Spermatids activate to motile spermatozoa in vivo upon mating and in vitro in response to a number of treatments [21] . Activation occurs as MOs fuse with the plasma membrane. Following this Budding spe-15(ok153) spermatids contain tubulin. DIC and fluorescence micrographs of budding spermatocytes and spermatids fixed and stained with a tubulin monoclonal antibody to visualize tubulin. Samples from (a,b,g-j) wild-type and (c-f,k-n) spe-15(ok153) worms are shown. Tubulin is present in the residual body but absent from budding spermatids in wild-type spermatocytes, but is present in both the spe-15(ok153) residual body and budding spermatids (c-f).The arrow in (e) indicates the nucleus in the budding spermatid.
[13] is required for the proper and complete partitioning of mitochondria, FB-MOs, actin filaments and microtubules, but is not required for nuclear segregation or spermatid budding (Figure 1c ). The partitioning defects are variable, indicating that other mechanisms of asymmetric sorting are operating in late spermatogenesis. The small proportion of spe-15(ok153) spermatids that are able to activate may not be functional if, because of sorting errors, they lack any of the components necessary for fertilization. The spe-15(ok153) phenotype suggests that myosin VI may either act directly as an organelle motor, trafficking mitochondria and FB-MOs to the budding spermatids, or that it might have a role in maintaining cytoskeletal elements and organelles in their appropriate compartments by organizing both actin and microtubules in the spermatocyte during the final stages of spermatid budding. The observation that both actin and microtubules are aberrantly segregated tends to support the hypothesis that myosin VI has a role in mediating or stabilizing interactions between the two different cytoskeletal systems. The finding that Drosophila myosin VI binds directly to and largely co-localizes with a microtubulebinding protein, D-CLIP-190 [24] is also consistent with this mode of myosin VI action. In vitro analysis of spermatid budding by both the wild-type and mutant spermatocytes and localization of myosin VI throughout spermatogenesis, should allow us to establish more conclusively the role of this myosin.
On the basis of mutant analyses in mice and Drosophila, myosin VI has been suggested to play a part in moving membranes along actin filaments [9, 10] . The mouse myosin VI mutant Snell's waltzer (sv) exhibits deafness and vestibular disorders [25] . The stereocilia of the inner and outer cochlear hair cells, actin-containing surface projections necessary for mechanosensation, are present but begin to degenerate soon after birth [26] . As the sv mice age, the membranes at the bases of stereocilia appear to fuse, suggesting that myosin VI may have a role in pulling membrane down along actin filaments [26] . Myosin VI germline mutations in Drosophila cause spermatogenesis defects as a result of failure of sperm separation during the process of individualization [27] . The Drosophila myosin VI is thought to have a role in delivering membrane vesicles to the leading edge of the advancing investment cones that pull membrane along the sperm and exclude unnecessary cellular components to the base of the sperm cyst, a waste-bag structure analogous to the RB [27] . Clearly, the morphological changes involved in spermatogenesis are different in Drosophila and C. elegans, and are reflected in the sperm that are formed: Drosophila sperm are flagellated whereas nematode sperm are not and, instead, exhibit amoeboid motility. It is intriguing that such seemingly different processes may share a common molecular mechanism involving myosin VI function. Continued study of the role of myosin VI in C. elegans spermatogenesis may provide further insight into the role of this motor protein in other cell types such as hair cells.
Conclusions
Deletion of a C. elegans class VI myosin results in a specific defect in spermatogenesis. Analysis of the mutant phenotype reveals that this motor protein has a role in the asymmetric partitioning of organelles and cytoskeletal elements during spermatogenesis.
Materials and methods

Nematode strains
Caenorhabditis elegans propagation and genetic manipulations were performed essentially as described [28] . 
Isolation of a hum-3 deletion mutant
A population of wild-type animals was mutagenized with trimethyl psoralen and ultraviolet light, split into pools and screened for deletions within hum-3 (F47G6.4). Deletions were detected using PCR using nested sets of oligonucleotide primers. Further details of the screening procedure are available at http://snmc01.omrf.uokhsc.edu/revgen/ RevGen.html. Outside primer sequences were external left 1 (EL1) 5′-CCGTTTTTCTCCCTGCATAA-3′ and external right 1 (ER1) 5′-TCT-CGTCTCATAGCACACCG-3′. Inside primers were internal left 1 (IL1) 5′-ACATAGTACCGCGGATTTCG-3′ and internal right 1 (IR1) 5'-CATCCAATCGGAAGTGGTTC-3′. These primers span sequences encoding the core of the myosin VI motor domain.
spe-15(ok153) mutants were outcrossed eight times, using PCR to identify mutant animals. DNA spanning the ok153 breakpoints was amplified by PCR and sequenced in the Microchemical Facility at the University of Minnesota using primers EL1 and ER1. During initial characterization, hum-3(ok153) was maintained in trans to unc-35. For maintenance and analysis of homozygous animals, ok153 was placed in cis to dpy-5 and balanced over the free duplication sDp2 [29] in a him-5 background. 
Fertility tests
Molecular methods
spe-15(hc75) was sequenced as follows: the Expand High Fidelity PCR kit (Boehringer Mannheim) was used with custom oligonucleotide primers to amplify approximately 1 kb overlapping fragments encompassing all exons and intron-exon junctions within hum-3, using genomic DNA isolated from homozygous spe-15 animals as template. All fragments were sequenced and contigs were assembled in SeqMan (DNASTAR). Candidate mutations were sequenced on both strands from two independent PCR amplifications.
Analysis of sperm
Spermatocytes and spermatids were dissected from age-matched marked, balanced spe-15(ok153) males or from an isogenic strain (defined as wild-type for these experiments) and analyzed in parallel. Dissections were performed in sperm media [21] containing 10 mM glucose (SMG) [30] by cutting through the tail at the vas deferens. To assay sperm activation in vitro, L4 males were picked to plates without hermaphrodites, grown for 10-12 h and dissected in SMG in the presence of 0.2 mg/ml pronase [31] . The number of activated spermatids was counted after 20 min. Spermatids and spermatocytes were fixed for fluorescent labeling in 2% formaldehyde and 0.25% picric acid [32] in SMG, pH 7.5. Mitochondria were labeled with anti-human COX1 monoclonal antibody (Molecular Probes) and MOs were labeled with monoclonal antibody 1CB4 [33] or with fluorescently conjugated wheat-germ agglutinin [31] (Molecular Probes), that gave staining coincident to 1CB4 (data not shown). Actin filaments were visualized with Alexa-568 phalloidin (Molecular Probes) in fixed cells. Tubulin was visualized by staining with anti-α-tubulin monoclonal antibody B-5-1-2 (Sigma). DNA was visualized with Hoechst 33342 (Sigma). Cells were observed with a Zeiss Axiovert equipped with DIC optics and images captured with either a CCD (DAGE-MTI CCD-100) or SpotRT digital (Diagnostic Instruments) camera controlled by Metamorph 4.5 software (Universal Imaging Corporation).
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